A novel test facility for the efficient evaluation of microelectromechanical system (MEMS) switches and the development of alternative contact materials is described. The facility utilizes the upper cantilever from commercial MEMS contact switches, and tests these against alternative bottom contact materials within a modified atomic force microscope (AFM). The test closely approximates the real switch, but can accommodate a wider range of test conditions and contact materials. The facility allows alternative contact materials to be easily and quickly incorporated, and therefore evaluated by measuring the number of cycles to failure. The evolution of the wear surfaces of the switch contact materials under test can also be easily examined. In order to demonstrate the facility, the evolution of the contact resistance and wear of a commercial RF MEMS cantilever with Au contacts was monitored under accelerated test conditions, comparing the behavior of Au bottom contacts to an alternative Au-Ni alloy contact material. The Au-Ni (20 at.%) alloy displayed reduced wear rates and improved switch cycle lifetimes compared to pure Au, while retaining acceptable values of contact resistance.
Introduction
Since the first MEMS switch, which was specially designed for microwave applications in the early 1990s [1] , this technology has developed to the point that the devices are currently in small-scale production. Typical MEMS switches are micronscale switching devices. Because of their low fabrication cost, low power consumption, wide operational band and exceptional switching performance, MEMS switching technology holds great promise for implementing agile radio frequency (RF) systems. Generally, MEMS switches can be categorized into non-contact type (capacitive) and contact type (metal contacts). Figure 1 shows the cross-section of a metalcontact-type MEMS switch [2] . The switch is driven to closure with an electrostatic force by applying a voltage across parallel electrodes located on the cantilever and bottom electrode. This study utilizes this type of MEMS cantilever.
Gold is often utilized as a contact material for metalcontact MEMS switches due to its excellent electrical conductivity and corrosion resistance. Gold-contact switches have been shown to achieve >10 9 switching cycles under favorable operating conditions (e.g. low current, optimum contact force, dry nitrogen environment and 'cold switching') [2, 3] . 'Cold switching' refers to switch operation under conditions in which there is no field across the contacts as the switch opens or closes. However, there is a strong desire to significantly broaden the range of conditions under which a given switch would operate, including the range of currents (i.e. power handling). However, as operational conditions become more severe in mechanical force or electrical power handling, Au contact degradation increases, drastically shortening the MEMS switch lifetime. One approach toward increasing MEMS switch robustness is to investigate alternative contact materials, and a few have been investigated [4] [5] [6] [7] . However, there are some serious impediments to the broad investigation of alternative contact materials. In general, convenient contact wear test facilities do not closely mimic real contact switches. In particular, Figure 1 . Schematic of the cross-section of a contact-type MEMS switch [2] .
the tests have difficulty duplicating the switch geometry, the contact geometry and the contact force. Contact geometry has a strong influence on the heat distribution across the contacts, and thus the switch performance and failure mechanism [8, 9] . One clear alternative is to test candidate materials on actual MEMS switches, and such studies have been reported by researchers from universities and industry [3, 5, 6, 10] . However, the approach has a serious difficulty: the switches are fabricated in Si foundries, and only a limited range of materials may enter the fabrication facility. Secondly, the fabrication process must be optimized for each material, and it may take many months to fabricate a set of switches to test a single candidate contact material. Materials' compatibility and process integration issues must be addressed in advance for every material to be tested. These factors have severely limited the range of contact materials that have been investigated for MEMS switches.
If progress is to occur, the testing and development of alternative contact materials must be more efficient while remaining representative of typical MEMS switch operation. In this manner, the material comparison and failure analysis data can be collected consistently and efficiently. In our experimental setup, to address these two issues, the switching lifetime test is performed with an actual cantilever (including upper contacts) extracted from a commercial RF MEMS switch (as shown in figure 1 ) that is contacted against a vibrating thin film bottom electrode containing the bottom contacts. This design enables the dynamic switching test to be performed under realistic conditions (e.g. contact force, contact geometry and switch geometry) comparable to those in actual devices. The bottom electrodes are separately fabricated from candidate contact materials and can be easily loaded into, and unloaded from, the test system. In this way, the test and development efficiency is dramatically improved.
In this initial paper we have selected one material for comparison with gold in order to demonstrate the new facility. Given that the 'softness' of gold under both normal and aggressive operating conditions is considered to be a limitation to the contact lifetime, we have selected a set of Au-Ni alloys for study. The results for the Au-Ni (20 at.% Ni) alloy will be reported here. The full results for the alloy system are reported elsewhere [17] .
Experimental details
We have designed a unique setup for monitoring MEMS switching behavior by integrating a MEMS cantilever with separate thin film bottom contact materials into an atomic force microscope (AFM). The test configuration is shown in figure 2 . The cantilever is first dismounted from an array of the RF MEMS switches chip, and then transferred to a clean AFM tip carrier.
The transfer of the cantilever from the MEMS chip to the AFM carrier is performed at a Rucker & Rolls 260 probe station. In preparation for the transfer, two identical MEMS chips are fixed on a glass slide next to each other. A clean AFM tip carrier is then mounted and evenly supported by the two MEMS chips. An xyz-axis movable XYZ 500 TRS micromanipulator with a probe is first used to apply glue to the surface of the AFM tip carrier, with the probe temporarily attached to the AFM tip carrier to facilitate its positioning. Thereafter, another micromanipulator with a micro-probe (tip diameter = 25 µm) is used to apply an extremely small portion of glue to the MEMS cantilever's surface. The AFM tip carrier is then aligned and lowered to make contact with the MEMS cantilever on the glue area. The transfer is achieved when the AFM tip carrier is lifted again after a 24 h cure. A typical AFM carrier with a MEMS cantilever attached is shown in figure 3 . The tip carrier is next inserted into the carrier hold of the AFM and lowered by means of the z-direction positioning motor. The initial contact occurs between a silicon dioxide insulating tip at the front edge of the cantilever and the bottom sample (the lower electrode structure). The initial contact is monitored with an optical microscope, and the position of the carrier is then recorded. The carrier is further lowered until the two gold upper micro-contacts make electrical contact with the patterned bottom contacts, as monitored through the electrical circuit across the bottom contacts. When the upper and lower electrodes are properly in contact, the deflection of the cantilever ensures that these are the only contact points (the lift of the insulating tip can be observed through the in situ optical microscope). The position of the cantilever is again recorded. From the two positions of the carrier, the total deflection of the cantilever is known (∼20 µm), and the contact force can be approximated using the known geometry and the material properties.
A detailed view of the contact configuration is shown in figure 4 . As is shown in figure 4(a) , the cantilever is composed of three layers: a 2 µm SiO 2 layer with 0.5 µm gold layers on both sides. The width of the cantilever is 75 µm. The effective length of the cantilever can be adjusted while attaching it to the cantilever carrier. For the tests reported here, the effective length was fixed at 150 µm. There are two electrically connected micro-contact bumps on each cantilever (top contacts). The diameter of each contact is 5 µm. The bottom contact is patterned with the thin films of candidate materials deposited on oxidized Si (0 0 1), with the pattern shown schematically in figure 4(b). Details of the fabrication of the bottom electrode structure are discussed later in this experimental section.
While the upper micro-contacts make electric contact with the bottom sample contact pad area, the contact resistance is measured by a four-point probe setup ( figure 4(b) ). From the figure, the top two probes supply 1 mA current, while the bottom two probes sense the voltage. The resistance from the four-point probe measurement consists of the contact resistance of the two pairs of micro-contacts and the resistance of the metal connection on the cantilever. To obtain contact resistance for a single pair of micro-contacts, we deduct the metal connection resistance (∼0.2 ) and divide the remaining resistance by 2. A piezoelectric actuator (Physik Instrumente, P-802.00) is used to vibrate the patterned bottom contacts vertically with an amplitude of 1.8 µm, which is sufficient to bring the upper micro-contacts and bottom contact pads into and out of contact. This vertical vibration does not change the cantilever's deflection status (∼20 µm deflection) significantly. It only switches the contacting points of the top cantilever between the insulating SiO 2 tip and the two upper micro-contacts. It also results in the upper micro-contacts being slightly tilted with respect to the plane of the bottom electrodes when contact is first initiated (in the test device, this angle is about ∼2.5
• and it is constant for every test). When contact is made between the upper micro-contacts and the bottom sample, 1 mA current flows through the two contacts, and the contact resistance is measured by the four-point probe setup. When contact is made between the insulating tip and the bottom sample, no current flows through the upper microcontacts. The insulating tip assures a clear 'off' state where the electrical contact is broken between the micro-contacts and the bottom electrode.
The drive signal for the actuator and the voltage drop across the micro-contacts are both input into an oscilloscope so that the dynamic contact process is monitored in situ. The sample is cycled until a contact resistance failure occurs. The failure criterion that is utilized is a factor 2 increase in the measured contact resistance, although a rapid increase to a much higher resistance is normally observed. Thereafter, the worn contacts are examined by AFM and scanning electron microscope (SEM). Typical resistance switching data are shown in figure 5 for low frequency switching (0. damage may be induced by possible arc energy dissipation or transient current heating other than mechanical wear. In order to address this acceleration factor, both hot switching and cold switching test conditions were investigated in the switching test for pure gold. Quantitative volume change analysis (using Gwyddion software) was conducted to evaluate this effect.
Pure Au and Au-Ni (20 at.% Ni) bottom contact samples were prepared using ion-beam sputter deposition. The substrate utilized was typically a Si(0 0 1) wafer coated with 1000Å silicon dioxide (thermal oxide). Xenon was used as the working gas due to its relatively large mass number, thus lower reflective ion energy bombarding the film during growth. The base pressure was 3 × 10 −7 torr and the deposition pressure was 4 × 10 −4 torr. A 5 nm Cr layer and 10 nm Mo layer were deposited as adhesion and diffusion barrier layers, respectively. 250 nm Au or Au-20% Ni thin films were then deposited. The acceleration voltage for the ion beam was 600 V. The chamber was designed to allow the three metal layers to be deposited in situ. Rotation of the target throughout the deposition ensured uniformity of the composition for gold alloy depositions. The as-deposited thin film samples were patterned using photolithography and ion etching, to facilitate in situ four-point probe measurement of the contact resistance in the lifetime tests.
Electrical resistivity data were obtained on as-deposited thin films (before patterning) using a four-point probe technique (MAGNE-TRON Model-700). A four-point sheet resistance correction [16] was applied. Micro-hardness data were obtained using a Hysitron Triboscope nano-indentor (Berkovich indenter tip with a 142.5
• included angle).
Effect of material properties on contact resistance
Pure Au as a contact material has the advantage of achieving very low resistance in the closed state, due to its low resistivity and softness. With the use of alternate contact materials, closed-state resistance is expected to increase, depending on the material's resistivity and hardness. This section compares the measured material-dependent closed-state resistance to that expected from a simple theoretical model. Knowing the dimensions of the MEMS cantilever, its Young's modulus (93.3 GPa) [11] and the deflection distance, the total contact force can be approximated using a cantilever beam model [12] . The model is described by
where E is the Young's modulus of the cantilever, w is the width, t is the thickness, l is the length and d is the deflection distance of the cantilever beam. For a 150 µm long cantilever, the deflection distance is close to 20 µm in our case. The total contact force is then calculated to be ∼300 µN, which is two to three times higher than the contact force of typical MEMS switches.
A simple model has been tested to predict the contact resistance for the two contact materials. The relationship correlating contact resistance to the contact force has been developed by previous researchers for gold-contact MEMS switches [9, 13, 14] . For a contact radius greater than the electron mean free path, the Maxwell spreading resistance model can be used to calculate the contact resistance. In our test, the nominal contact radius is much larger than the mean free path in gold (∼36 nm). The contact resistance R c is described by
where ρ is the resistivity and r c is the contact radius [15] . While two different materials are in contact, the resistivity is estimated as the average of the two. The contact radius can be obtained using an asperity deformation model [14] :
where F is the applied force, H is the hardness of the material and ξ is the coefficient of the material deformation mode. Different modes are given as ξ < 0.3, elastic deformation; 0.3 < ξ < 0.75, elastoplastic deformation; and 0.75 < ξ < 1, plastic deformation. For the contact between different materials, which is the case in our experiments, the averaged electrical resistivity and hardness value are used for the calculation. Plastic deformation is also assumed (ξ = 1) based on the relatively large contact force.
The measured electrical resistivity, micro-hardness and contact resistance, along with the calculated contact resistance between upper pure gold micro-contacts and either the pure gold or gold-nickel bottom contacts are shown in table 1. For the pure gold, the experimental data fit the calculated contact resistance data well. However, for the gold-nickel case, the measured contact resistance is higher than the calculated value. It should be noted that the roughness of the Au-Ni alloy as measured by AFM is greater than that of Au. Roughness is not taken into account in the above simple model, but should increase the contact resistance by decreasing the contact area. These results point to the need for a more sophisticated model for the relationship between contact material properties and the contact resistance. The effect of topography on contact resistance will be discussed in a separate paper [17] , and a more complete multiscale model has been developed [18] .
Accelerated lifetime test: a unique electrical failure detection mechanism
In order to evaluate contact performance of candidate materials in our test system, we chose the 'cycle number to electrical failure' as the indicator of the degree of micro-contact damage. Since the damage is accelerated by a relatively large contact force under hot switching conditions, and the wear to failure is very small (determined by the wear required to produce contact only between the bottom electrode and the cantilever tip), such tests can be termed an 'accelerated lifetime test'. During the test, the open-circuit voltage is fixed at ∼1 V, measurement current is 1 mA and total contact force is ∼300 µN. Figure 6 shows switching tests for sputtered pure gold bottom electrodes against the upper gold micro-contacts. Figure 6 (a) shows accelerated test data for the switch in this test facility under hot switching, in comparison with resistance data for a similar switch in the actual MEMS switch product configuration ( figure 6(b) ) subjected to purely cold switching [11] . In both cases, the usual three resistance regimes can be observed. The initial contact resistance falls during the 'burnin' period, which may be as short as a few cycles. The switch then appears to operate in a steady state, prior to the onset of instability and resistance increase that corresponds to contact degradation. The marked reduction in the number of cycles to failure can be observed in the accelerated test in the new test facility. After only ∼100 cycles, the closed contact resistance started to rise and reached an open-circuit condition. The same test was repeated using different pure gold samples with new MEMS cantilevers. The results are reproducible, with the variation of the number of cycles to failure being less than ∼50%.
The AFM analysis of the corresponding failed upper micro-contact is shown in figure 7 . The switching wear damage is visible at the front edge of the micro-contact (near the top of image (a)), which corresponds to the region of contact or impact between the micro-contact on the cantilever and the lower electrode. Particularly revealing are the two line profiles taken across the micro-contact. Figure 7(b) shows the height profile of the 'X' scan taken across the contact along the cantilever width, showing no wear. In comparison, the 'Y' line scan of figure 7(c) runs parallel to the cantilever direction and includes the impact area. It can clearly be seen that the contact is eroded in the impact region nearest the cantilever tip, with material having been transported away from the impact region.
The corresponding AFM images of the pure gold bottom contact area after the failure test are shown in figure 8 . A small crater or depression approximately 30 nm in depth and ∼2 µm in diameter was formed during the switch cycling. Furthermore, there is a build-up of material around this crater.
As is mentioned in section 2, the upper cantilever remains in bent with almost unchanged curvature during switching to exert constant contact force. The vibration of the bottom electrode by the piezoelectric actuator alternates the cantilever contact spots between the insulating tip and bottom electrode (open), and the micro-contacts and bottom electrode (closed). As a result of the slightly tilted micro-contacts (∼2.5
• ), the contact area (or damaged area) is always located at the front edge of the micro-contacts. Upon closure, all the contact force is exerted on that small area. Possible transient current heating or arc energy dissipation may also occur at the same area under certain hot switching conditions. Thus during cycling, this part of the micro-contact is more susceptible to potential damage (as is shown in figure 7) . After an amount of material volume change occurs on the front edge of the micro-contacts, the small vertical lift of the bottom electrode during switching (∼1.8 µm) will not be sufficient to allow touching between the worn bottom electrode and worn microcontacts. Consequently, no electrical contact is made between the upper micro-contacts and the bottom sample, leading to an open-circuit situation.
It must be emphasized that this electrical failure is not an absolute indicator of the lifetime of the MEMS switches. Instead, it serves as an indicator that a certain amount of surface modification occurred on the micro-contacts and the bottom contacts during a switching test (enough that the preset piezoelectric actuator displacement distance is no longer sufficient to produce physical contact of the micro-contacts and bottom electrode; only the insulating tip touches the bottom contact area). Thus, it allows a direct comparison of material wear rates of different contact materials. These same lifetime limiting factors such as mechanical wear, transient current heating and arc energy dissipation are expected in the operation process of real MEMS switches. The difference for real MEMS switches is such that the tilt angle is normally less than 1
• , the cantilever is not pre-bent and the insulating tip does not touch the bottom electrode. Thus in actual MEMS devices, it takes a substantially larger number of cycles to accumulate damage over the whole micro-contact to reach an electrical failure. We are not presently able to absolutely correlate this accelerated lifetime to an actual device lifetime; however, the relative difference between measured lifetimes in this test facility should be proportional to differences in actual device lifetime under similar operation conditions. Thus, our unique electrical failure mechanism may be used as an efficient tool to more quickly evaluate the switching performance of different materials under a variety of different test conditions.
Effect of open-circuit voltage (hot switching) on material transfer
The (accelerated) switching lifetime tests reported here are typically undertaken under aggressive test conditions, including hot switching, ambient air and greater contact force (up to two to three times the contact force of the commercial device). Under such hot switching conditions, the open-circuit voltage (V oc ) may produce arc discharges and substantially high transient currents (decays to 1 mA within a few µs) during closing, and these are expected to accelerate the failure process. In order to assess the effect of V oc , both hot switching and cold switching test conditions were investigated in the switching test for pure gold. In the test, each MEMS cantilever was cycled upon a pure gold bottom electrode for a certain number of cycles. A stable contact resistance of 0.6-0.7 was achieved during all the tests. After characterization, the AFM data of each micro-contact and bottom electrode were analyzed using Gwyddion software. The sum of the material volume change of the two micro-contacts for each sample is listed in table 2. The material transfer is observed to increase with the cycle number under both hot switching and cold switching conditions, although the measured material transfer is much less in the case of cold switching. These results reveal the capability of this test facility to effectively evaluate material wear under various test conditions. Differentiating electrically induced wear effects (such as the open-circuit voltage effect) from the purely mechanical wear effects in this new test system is an important step toward our research into novel alternative contact materials. Since arc energy dissipation, transient current heating and mechanical wear are typical lifetime-limiting factors for hot switching MEMS switches, it is valuable to test different contact materials under various conditions to distinguish the effects of these factors.
Effect of contact material on MEMS switch lifetime
Au-Ni alloys were investigated as an alternative contact material for MEMS switches. The enhanced hardness is expected to improve the lifetime by reducing material wear during the switching operation. The closed contact resistance evolution for gold micro-contacts against either Au or AuNi (20 at.% Ni) bottom electrodes is shown in figure 9 . The number of cycles to electrical failure is about 1200 for the AuNi bottom electrode. Compared to the pure gold electrode, the 'lifetime' is dramatically improved. Figure 10 shows the SEM and AFM analyses of upper gold contacts after failure. The damaged area is again located on the front edge of the microcontact, where impact occurs. Also similar to the previous case, material loss in the contact area is confirmed by the height profile image comparison. Material built-up surrounding the impact area on the micro-contact occurs in drop-like shapes that are reminiscent of local melting. The melt-like gold droplets are also observed at the foot of the micro-contact on the upper electrode of the cantilever.
AFM and SEM analyses of Au-Ni (20%) bottom electrodes after failure are shown in figure 11 . Material builtup on the bottom electrode is apparent. A few small indented holes can also be identified. The diameter of the holes is typically less than 0.5 µm and the depth is less than ∼20 nm. Thus the damage volume is greatly reduced in comparison with that of the pure gold bottom electrode, even though the number of cycles before failure is more than ten times higher.
Compared to the pure gold against pure gold test, the gold against gold-nickel test shows a much longer 'lifetime' under the same test conditions (1 mA, V oc = ∼1 V, a total of 300 µN on two contacts). Also, the SEM and AFM failure analyses show that the damage is less severe, even though the total number of cycles is much larger for AuNi contacts. It is shown that material transfer on the upper micro-contacts changes the topography and the shape of the micro-contacts. The damage accumulates until the contact geometry is changed. In this way, an open-circuit situation is then formed because the insulating lip of the cantilever touches the bottom electrode instead of the micro-contacts. The pure gold against pure gold contact seems more susceptible to hot switching degradation and mechanical wear, leading to much more rapid failure while achieving lower contact resistance (∼0.2 /contact). Detailed discussion of the effect of material properties on hot switching energy dissipation is beyond the scope of this facility paper and will be presented elsewhere.
The micro-hardness of the gold-nickel bottom electrode is much greater (∼6.1 GPa) compared to that of the pure gold bottom electrode (∼2.7 GPa). The adhesion between gold and gold-nickel surfaces is also expected to be lower. All of these will make the contacts more resistant to force-induced damage. Pure gold deformation upon gold-nickel bottom contacts allows stable electrical contact with low contact force (∼150 µN/contact). It is shown that both the upper and lower electrodes are less damaged despite a much larger total cycled number. Failure appears to arise from material transfer from the contact area of the upper contacts to the surrounding area and the bottom electrode. The harder Au-Ni shows more resistance to deformation, but also leads to a slightly higher contact resistance (∼1 /contact). The AFM and SEM observations suggest that local melting may occur during the cycling test.
Conclusions
In this paper, a new test facility for MEMS contacts is described. The test utilizes cantilevers from commercial switches and mimics the operation of real RF MEMS contact switches. It allows efficient tests of different candidate contact materials as bottom contacts against upper pure gold microcontacts. Using this facility, candidate materials for MEMS contacts can be efficiently examined and characterized in an accelerated manner. To demonstrate the facility, we have run standard Au-Au tests under different conditions (hot switching versus cold switching) followed by a volume analysis of material transfer. It has been verified that hot switching conditions accelerate the material transfer process. Standard Au-to-Au contacts were compared with Au-to-Au-Ni (20 at.% Ni) contacts under accelerated test conditions. We have observed that the harder gold-nickel alloy displays almost one order of magnitude improved 'lifetime' or wear resistance compared to a pure gold bottom contact.
